44 evaluation of seismic behavior 45 46 Abstract 47 Unreinforced masonry (URM) buildings exhibited extreme vulnerability during past earthquakes 48 though these are shelters of majority population in many earthquake prone developing countries. 49
Introduction
Unreinforced masonry (URM) building suffered severe damage and collapse during past 68 earthquakes (Murty 2002 constructions also need to be preserved against earthquakes or wind loads. Thus, the technical 77 community are compelled to think over this serious issue, which in turn will not only be a solution 78
for the safe habitat for common people, but also help in preserving historical buildings and other 79 important structures. 80
Various retrofitting techniques (Bhattacharya et al. 2014 ) are used to improve the seismic 81 performance of unreinforced masonry. However, composite materials like fiber reinforced 82 polymers (FRP) are often preferred due to its high strength-to-weight ratio and corrosion 83 resistance. On the other hand, higher cost involvement, unique technical expertise required, and 84 non-availability of the composite materials lead to the development of easily available low-cost 85 strengthening and retrofitting techniques those do not require much technical rigor. Strengthening 86 and retrofitting of URM wall by poly propylene (PP) band (commonly known as cartoon 87 packaging band) was experimentally investigated in earlier studies (Mayorca and Meguro 2003;studying the response under 30-40 typical ground motions and the statistical analysis of the  113 response parameters obtained from all the ground motions. This will not only require considerable 114 time but also it is not economically viable. On the other hand, statically obtained load-displacement 115 curve for unreinforced masonry and PP band reinforced masonry loaded with same strain rate helps 116 to understand the difference in behavior in terms of strength, ductility and energy absorption 117 capacity in two cases. Thus, a comparative picture of material properties and structural 118 performances in both the cases is obtained through such experiments. 119
As well, the performance of PP band retrofitted full-scale masonry house subjected to 120 earthquake loading is rarely available in the literature. Hence, the current research was designed 121 and undertaken to determine the seismic performance of URM wall and URM building retrofitted 122 with PP band. The study presented in this paper has two components. The first component of the 123 study addressed monotonic load-displacement behavior of URM wall specimens with and without 124 being retrofitted with PP band. This was accomplished through full-scale tests on URM wall 125 specimens. The tests were conducted in the structural engineering laboratory of the University of 126
Windsor, Canada. The second facet of the study presents the performance of PP band retrofitted 127 full-scale masonry house which suffered recent Gorkha (Nepal) earthquake in April 25, 2015. This 128 paper presents outcomes of both components and evaluates the performance of URM masonry 129 structure retrofitted using PP band. In fact, monotonic load-displacement curve reflects the 130 behavior of masonry in terms of load-displacement interaction. Further, the demonstration on full-131 scale masonry house depicted in this paper is crucial for giving confidence of the local people. 132
Present study is a very humble effort in this direction. In fact, such a study is particularly relevant 133 in the context of presently available literature (Nayak and Dutta 2016 a, b). However, the past twomasonry structures, while the present study provides monotonic load-displacement relationship 136
and provides an understanding of fundamental of mechanics and material behavior. 137
138

Experimental Method and Results
140
This study was completed using full-scale tests on two masonry wall specimens. The test setup 141 and test specimen are shown in Fig. 1 . Two specimens were built and tested under monotonically 142 increasing displacement controlled load until failure occurred. The objective was to determine the 143 effectiveness of retrofit technique of URM wall using PP band. Hence, specimen 1 was 144 unreinforced masonry (URM) wall or control specimen and the specimen 2 was retrofitted using 145 external PP band. The PP band used in this study is 12.7 mm wide and 0.67 mm thick and the 146 breaking strength is 1.23 kN. The boundary condition for both wall specimens were fixed at the 147 base and free at the top. Each wall was 2000 mm (10 courses) high, 1600 mm (four block lengths) 148 long, and 200 mm (one block width) thick. Both wall specimens were cured in room condition. 149
Hollow concrete blocks used in these wall specimens have compressive strength of 18.6 MPa and 150 Type S mortar (CSA S304, 2014) of thickness 10 mm was used in these wall specimens has 151 compressive strength of 17.6 MPa. 152
The load-displacement behavior for both wall specimens are shown in Fig. 2 . Such load-153 displacement behaviors for masonry is extremely rare in the literature, though these curves are 154 important for understanding the structural behavior, failure mechanism, and ductility in seismic 155 action. In Fig. 2 , the curve indicated by A, B, C, D, E, and F and solid line is for the specimen 1 156 (URM wall specimen) whereas, the curve shown by A', B', C', D', E', and F' with broken line is 157 for specimen 2 (retrofitted specimen). The load data were collected using the load cell connected 158 to the loading jack. The displacement data were collected using four linear variable displacementtransducers (LVDT) located at four different heights (shown as LVDT 1 through LVDT 4 in Fig.1 ). LVDT 1 and LVDT 4 were located at 300 mm and 1500 mm above the top of the foundation, 161
respectively. The displacement reported in Fig. 2 was acquired through LVDT 4 which was located 162 at 1500 mm above the top of the foundation. Digital image correlation (DIC) technique was used 163 to monitor crack initiation, crack growth, and strain distributions. 164
165
Specimen 1 166
The DIC data showed that there were no strain concentrations in X direction (exx) and in Y 167 direction (eyy) anywhere in the wall specimen at load of 3.5 kN and displacement of 0.3 mm (Fig.  168 2) and hence, DIC did not detect any cracks in the wall specimen at this stage. However, fine 169 horizontal crack was captured by the DIC at a load of 3.7 kN and displacement of 0.4 mm (at Point 170 A in Fig. 2 ). It is worth noting that this crack was not noticeable by visual inspection. At this stage, 171 the strain value in that area was found out to be in the range of 0.2% and 0.25%. 172
With further loading, crack opened up very fast and the wall specimen reduced its stiffness 173 (line AB in Fig. 2 ) and this resulted in increase in the displacement at a faster rate. The DIC data 174 found that the maximum crack width at points A and B are 0.152 mm and 1.4 mm, respectively. 175
The displacement values at these two points measured by LVDT 4 are 0.4 mm and 1.15 mm, 176 respectively. Nonetheless, the load carrying capacity increased from 3.70 kN at point A to 5.75 177 kN at point B. 178
The loading continued and the load carrying capacity suddenly dropped by 0.97 kN (point 179 C in Fig. 2 ) while the displacement increased to 1.77 mm. This happened because of the formation 180 of the vertical cracks near the toe of the wall (Fig. 3) . At this stage, wall specimen was not able to 181 maintain the load capacity. This is because at point C, the wall began to over-turn about the toethe wall crushed and the specimen looked unstable. Hence, the wall specimen was unloaded and 184 the test was discontinued. 185 DIC data for the bottom part of the wall specimen is presented and discussed in this paper. 186
As shown in Fig. 2 , load continued to drop as crack width increased further. At the end of the test 187 and as shown in Fig. 4 , the displacement at the height of LVDT 2 was about 1.6 mm. At this stage, 188 the width of the crack was about 8.5 mm. 189
This wall specimen, after unloading, separated into two parts, above and below the 190 horizontal crack line and the top part fell on the strong floor of the structural testing lab. Thus, the 191 wall specimen lost its structural integrity (Fig. 5a) . it is found that the load and displacement capacities of the retrofitted specimen (specimen 2) 209 increased by 22% and 125%, respectively. 210
As the loading continued beyond point D', the toe of the wall crushed as well and the load 211 capacity dropped to 6.4 kN when the displacement reached 12.9 mm. At this stage, the test was 212 discontinued and the specimen was unloaded. Unlike specimen 1, this wall specimen maintained 213 the structural integrity after complete unloading (see Fig. 5b ). Further, the horizontal crack in 214 specimen 2 occurred in the first course and just above the foundation. However, the crack occurred 215 exhibited maximum load carrying capacity of 7 kN and the test was discontinued when the 224 displacement reached 12.9 mm. Thus, the test data shows that the ductility capacities for the URM 225 and retrofitted wall specimens are about 2.4 and 7, respectively. Ductility capacity is calculated by 226 taking the ratio of maximum displacement and displacement where yielding like behavior (point 227 B for specimen 1 and point B' for specimen 2) took place. Hence, the increase in ductility capacity 228 in the retrofitted wall specimen was almost three times if compared to the URM wall specimen. 229 Fig. 2 also shows that the energy absorption capacity is also increased due to the retrofit by PP 230 band. The energy absorption capacity of the retrofitted wall specimen (specimen 2) is more thantwo times than that of the unreinforced wall specimen (specimen 1). This has occurred due to theformation of the vertical cracks near the toe of the wall (Fig. 5b) . At this stage (point C'), the wall 233 began to over-turn about the toe and hence, the PP band experienced tension. This has resulted in 234 moderate increase in load carrying capacity and substantial increase in the ductility of specimen 2 235 (point D'). 236
The energy absorption capacity is the area bound by the load-displacement curve. In fact, 237 unreinforced masonry is made of brick/masonry block layers and mortar layers placed alternately 238 one after another. Both of these layers with their brittle nature make any unreinforced masonry 239 wall to behave as brittle element. PP band have sufficient tension carrying capacity. Tightly 240 vertically tied PP bands increase the internal friction. Further, it also resists the tension at one side 241 of the wall caused from the tendency of in-plane overturning. Horizontally tied PP bands tend to 242 prevent the slipping between any two horizontal layers. Thus, the ultimate displacement increases 243 and more energy is needed to be absorbed before failure. In fact, such a cage made of PP bands 244 provides a confinement effect for increasing overall load displacement behavior as observed here. 245
Hence, it can be inferred that severe earthquake may be survived by using masonry with PP band 246 retrofit through absorption of more energy in the post-cracking (inelastic) range. Even if complete 247 survival may not be possible, at least the large energy absorbing capacity may delay the collapse 248 time allowing the users to safely evacuate. 249
Further, a closer look at the load-displacement curves (Fig. 2) clearly shows that during 250 post-cracking (inelastic) displacement the unreinforced wall (specimen 1) exhibited gradual 251 reduction in its strength, while the PP band retrofitted wall specimen (specimen 2) maintained a 252 positive gradient. In fact, the gradual strength deterioration exhibited by unreinforced wallcould not maintain its structural configuration and separated into two parts. On the other hand, PP 255 band provided a better overall confining effect to the entire wall specimen (specimen 2) since this 256 specimen maintained its structural integrity even after completion of the test. The increased ductility and energy absorbing capacity is demonstrated on-site by a full scale 261 building constructed using PP band. Fig. 6 shows the PP band retrofitted building constructed 262 near a traditional nonretrofitted building at Nepal. Fig. 7 illustrates the different stages of 263 reinforcing masonry house with PP band to provide a pictorial description of application of the 264 same. 265
Damage of the reinforced (using PP band) masonry house during Gorkha (Nepal) earthquake 266 of April 25, 2015, of magnitude 7.8, is presented in Fig. 8 . Mortar cover of the PP band spalled 267 out but no major damage occurred, while many neighbouring URM buildings collapsed. In fact, 268 the other building shown in the figure is also damaged. Hence, two inclined bracing members are 269 installed to prevent it from collapsing (Fig. 6a) . This clearly indicates the effectiveness of PP band 270 even in real life application through exhibition of better performance during earthquake. 271
Another common nature of failure of masonry building consists of separation of corner 272 junctions leading to out-of-plane collapse of the wall in the orthogonal direction of shaking. This 273 on-site case study showed that the initiation of such a failure can be avoided by peripheral PP 274 bands (Fig. 9) . The figure shows that the joint separation started but the out-of-plane collapse did 275 not occur because of binding effect of peripheral PP band having high tensile strength. 276
Summary and Conclusions
Previous studies ( revealed that retrofitting of URM wall using PP band enhances the ductility capacity and energy 291 absorption capacity to almost 3 and 2 times, respectively, in comparison to unreinforced masonry 292
wall. This is due to increase in maximum load carrying capacity of retrofitting of URM wall using 293 PP band by 22%. After the initiation of vertical crack, in order to prevent the specimen from over-294 turning about its toe, PP band experienced tension which result in more ductile behaviour. The 295 ductility of URM wall wrapped with PP bands is increased by 125%. This improvement is 296 considerable which enables the structure to avoid collapse at least in moderate earthquake ground 297 shaking and may possibly reduce the damage in severe earthquakes. 298
The other valuable part of the paper is the observed performance of PP band retrofitted building 299 during real earthquake. The study presents an on-site (field) demonstration on the performance of 
